The aim of the study was to evaluate the potential of pyrazole-based receptors in the complexation of carbohydrates. Representatives of a new series of acyclic pyrazole-based receptors were prepared and their binding properties toward selected mono-and disaccharides evaluated. The results of the binding studies were compared with those obtained for acyclic imidazole-and indole-based receptors. The first binding studies revealed di-vs monosaccharide binding preferences of the new receptors and showed that pyrazole units are useful building blocks for the construction of receptors with interesting binding preferences.
Nature's use of the amino acid side chain groups of proteins, such as primary amide (Asn, Gln), imidazole (His) and indole (Trp) groups, to bind carbohydrates (for example, see Figure 1 ) [1] , has inspired the design of the imidazole-, benzimidazole-and indolebased receptors 1-5 ( Figure 2 ) [2] [3] [4] . Instead of the primary amide group of Asn shown in Figure 1 , the 2-aminopyridine unit was used as a heterocyclic analogue of this natural recognition group [5, 6] . Compounds 1-5 were shown to be powerful carbohydrate receptors, which are able to recognize carbohydrates by multiple interactions, including hydrogen bonds and CH- interactions [7, 8] . We were interested to see whether pyrazole groups would be suitable building blocks for artificial carbohydrate receptors. Pyrazole units have been used for the construction of receptors for ions [9] ; in the area of sugar recognition by receptors operating through noncovalent interactions [10] the potential of pyrazolebased recognition groups has not been evaluated.
Compounds 8-15 (Figure 3 ), containing a trisubstituted triethyl-or trimethylbenzene core, have been selected as candidates for systematic binding studies. These compounds include N-methyland NH-pyrazole subunits, which are connected to the central benzene ring via -NHCH 2 -, -CH 2 NHCH 2 -and -CONHCH 2 -linkers (in analogy to the imidazole-and indole-based receptors shown in Figure 2 ).
As first representatives of this group we have prepared compounds 8-11 and compared their binding properties with those of the previously studied imidazole-and indole-based receptors 1a/2-4 and the newly prepared imidazole-based compounds 1b, 6a, 6b and 
7.
Two representative carbohydrates, such as octyl -D-glucoside (16a) and dodecyl -D-maltoside (17), were used for the binding studies in homogeneous media. Methyl pyranosides, such as -glucoside 16b, -glucoside 18 and -galactoside 19 (Figure 4 ), were employed for the binding studies in two-phase systems.
Similar to the imidazole-based receptors 6a, 6b and 7, the symmetrical pyrazole-based compound 8 was almost insoluble in CDCl 3 , but could be partially solubilized in this solvent in the presence of -glucoside 16a (0.8 mM CDCl 3 solution of 16a). Such solubility behavior indicates favorable interactions between the binding partners. The N-methylated analogue, compound 9, was shown to be soluble in CDCl 3 and its binding properties could be Average K a values from multiple titrations. b Errors in K a are less than 20%. c K 21 corresponds to 2:1 receptor-sugar association constant. d K 12 corresponds to 1:2 receptor-sugar association constant. e Results from ref. [2] ; the high values of the binding constants determined on the basis of 1 H NMR spectroscopic titrations were confirmed by fluorescence titrations. f Results from ref. [3] . g The best fit of the titration data was obtained with the "mixed" 1:1 and 2:1 receptor-sugar binding model with K 11 >10 5 M -1 ; however, the binding constants were too large to be accurately determined by the NMR method. h The best fit of the titration data was obtained with the "pure" 2:1 receptor-substrate binding model (K 21 >10 5 M -1 ); the binding constant was too large to be accurately determined by the NMR spectroscopic method. investigated in this solvent by 1 H NMR spectroscopic titrations. The different hydrogen-bonding abilities of the N-methyl-and NHpyrazole subunits of 9 and 8, respectively, influence, of course, the binding properties of the receptors. The combination of two or one N-methylpyrazole groups with pyridine-based recognition units provided the compounds 10 and 11, respectively. The syntheses of compounds 1b, 6-11 are summarized in Scheme 1 and described in the Experimental Section. The 1 H NMR titration experiments with -glucoside 16a were carried out by adding increasing amounts of the sugar to a solution of the corresponding receptor; in addition, inverse titrations were performed in which the concentration of 16a was held constant and that of the receptor was varied (for example, see Figure 5a ). The titration data were analyzed using the Hostest 5.6 [13] and EQNMR [14] program; the binding constants are summarised in Table 1 .
In comparison to receptors 1-4 and the previously described symmetrical aminopyridine-based receptor [5a], compounds 9-11 showed significantly decreased binding affinity towards -glucoside 16a. The binding affinity of 9-11 towards 16a decreased in the sequence 11 > 10 > 9. Among the tested compounds, compound 11, bearing one N-methylpyrazole and two aminopyridine units, was shown to be the most effective receptor for this monosaccharide. Lower affinity of -glucoside 16a to receptors 9-11 in comparison to the imidazole-and indole-based receptors was also indicated by liquid-solid extractions (see Table 2 ). Extractions of methyl pyranosides from the solid state into a CDCl 3 solution of the corresponding receptor (1 mM solution) indicated furthermore a preference of 9-11 for -glucoside 16b versus -glucoside 18 and -galactoside 19.
In contrast to the relative weak binding of -glucoside 16a, the binding of -maltoside 17 by receptors 9 and 10 was shown to be very strong (see also ref.
[15]) Although -maltoside 17 is poorly soluble in CDCl 3 , it could be solubilized in this solvent in the presence of the corresponding receptor and the interactions between the binding partners could be investigated by 1 H NMR titrations (the receptor in CDCl 3 was titrated with a solution of -maltoside dissolved in the same receptor solution following the titration protocol described in ref. [15a] ). In the case of 9•17 the addition of only 0.5 equiv. of 17 led to practically complete complexation of the receptor 9 in CDCl 3 . During the titration of 10 with 17 the saturation occurred after the addition of about 0.7 equiv of the disaccharide 17 (see Figure 5b ). In both cases, 9•17 and 10•17 (see Figure 5b ), the binding constants in CDCl 3 were too large to be accurately determined by the NMR spectroscopic method (for a review discussing the limitations of the NMR method, see ref. [16] ).
To compare the binding capability of the receptors 9 and 10, additional 1 H NMR titrations in a more polar solvent (DMSOd 6 /CDCl 3 mixture) were carried out. As expected, the affinity of 9 and 10 significantly decreased as solvent polarity increased [17] ; the binding constants are given in Table 1 (different binding models were indicated by the results obtained in pure CDCl 3 and in the DMSO-d 6 /CDCl 3 mixture). In summary, compounds bearing N-methylpyrazole-based recognition units were shown to be less powerful receptors for the tested monosaccharides than the imidazole-and indole-based analogues, but were found to be promising receptors for the recognition of disaccharides. Both hydrogen-bonding and interactions of the sugar CHs with the aromatic rings of the receptors, as characterized by 1 H NMR spectroscopy, were shown to contribute to the stabilisation of the receptor-sugar complexes. N-Methyl-and NH-pyrazoles were demonstrated to be useful building blocks for the construction of receptor molecules with different binding preferences. Interesting binding preferences are expected for compounds 12-15; the syntheses of these compounds and the analysis of their binding properties are in progress. It should be noted that the exact prediction of the binding preferences [21] still represents an unsolved problem and it is hoped that systematic studies in this area will contribute significantly to the solution of this problem. In this context, the acyclic receptors represent particularly interesting objects for such systematic studies. Formation of complexes with higher binding stoichiometry complicates the binding assay somewhat, but the acyclic architecture is notably easy to prepare and especially suitable for systematic variations.
Experimental
General: Analytical TLC was carried out on silica gel 60 F 254 plates employing MeOH or CHCl 3 /MeOH mixtures as the mobile phase. Melting points are uncorrected. Sugars 16-19, 3-amino-1-methylpyrazole (21), imidazole-4(5)-carbaldehyde (24a), 4-methyl-5imidazole-carbaldehyde (24b), 1H-imidazole-2-carboxylic acid (26), and 3-aminopyrazole (33) are commercially available.
Preparation of compound 1b:
A solution of 4-methyl-5-imidazolecarbaldehyde (24b) (0.07 g, 0.64 mmol) in methanol (5 mL) was added to a solution of 1-aminomethyl-3,5-bis[(4,6-dimethylpyridin-2-yl)amino-methyl]-2,4,6-triethylbenzene (30) [3] (0.20 g, 0.44 mmol) in methanol (15 mL). The mixture was stirred at room temperature for 24 h, cooled to 0°C and NaBH 4 (0.03 g, 0.78 mmol) was added. The reaction mixture was stirred for 1 h at 0°C and for an additional 2 h at room temperature. The solvent was removed and the residue taken up in chloroform/water (20 mL, 1:1 v/v). The aqueous phase was further washed 4 times with chloroform, the combined organic phases were dried over magnesium sulfate and the solvent removed, giving pure compound 1b (yield: 94%, 0.23 g). MP: 110-112ºC. Rf: 0.40 (CHCl 3 -MeOH, 3:1 v/v). 1 
Preparation of compound 6a:
A solution of 1,3,5-tris-(aminomethyl)-2,4,6-triethylbenzene (23) [18, 19] (0.30 g, 1.20 mmol) in methanol (20 mL) was added to a solution of imidazole-4(5)-carbaldehyde (24a) (0.69 g, 7.18 mmol) in dry methanol (80 mL) and the mixture was stirred at room temperature for 6 d. The reaction mixture was cooled to 0°C and treated with NaBH 4 (0.36 g, 9.60 mmol) by adding in small portions over 5 minutes, during which time hydrogen gas evolved. After gas evolution has ceased, stirring continued for 6 h at room temperature and the solvent from the reaction was removed subsequently. Following water (50 mL), chloroform (50 mL) was added during which an off-white precipitate was formed. 
Preparation of compound 6b:
A solution of 1,3,5tris(aminomethyl)-2,4,6-triethylbenzene (23) [18, 19] (0.10 g, 0.40 mmol) in methanol (7 mL) was added to a solution of 4-methyl-5imidazolecarbaldehyde (24b) (0.27 g, 2.45 mmol) in methanol (27 mL) and the reaction mixture was stirred at room temperature for 8 d. Afterwards, the reaction mixture was cooled to 0°C and NaBH 4 (0.14 g, 3.70 mmol) was added. The mixture was stirred for 1 h at 0°C and for an additional 12 h at room temperature. The solvent was removed and the residue taken up in water (20 mL). The aqueous phase was concentrated and the product obtained as colourless crystals (yield: 55%, 0.12 g). MP: 94ºC. Rf: 0.05 (MeOH 
Preparation of compound 7:
A solution of 1H-imidazole-2carboxylic acid (26) (0.14 g, 1.25 mmol) in 10 mL dimethyl formamide was cooled to 0°C. The addition of HOBt·H 2 O (0.20 g, 1.44 mmol), DIPEA (0.25 mL, 1.44 mmol) and EDC·HCl (0.28 g, 1.44 mmol) led to a suspension which was stirred at room temperature for 30 min. After the addition of 1,3,5tris(aminomethyl)-2,4,6-triethyl-benzene (23) (0.10 g, 0.40 mmol) the reaction mixture was stirred for 3 d at room temperature. The white precipitate formed was filtered, washed with water and dried (yield: 52%, 0.11 g). MP: 315ºC. Rf: 0.7 (MeOH). 13 
Preparation of compound 11:
To a solution of 3-amino-1-methylpyrazole (21) (0.04 mL, 0.05 g, 0.46 mmol) in CH 3 CN (20 mL) was added dropwise 1-bromomethyl-3,5-bis-[(4,6-dimethylpyridin-2yl)aminomethyl]-2,4,6-triethylbenzene (29) (0.20 g, 0.38 mmol) dissolved in a solvent mixture of THF/CH 3 CN (25 mL, 4:1). After complete addition, K 2 CO 3 (0.05 g, 0.38 mmol) was added and the mixture stirred at room temperature for 48 h. The solvents were then removed under vacuum and the crude product was purified by crystallization (THF/n-hexane).
MP: 78-80ºC. Rf: 0.5 (CHCl 3 -MeOH, 3:1 v/v). 1 
